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Abstract: This paper proposes a feasible solution for the high-
power Converter-Fed Synchronous Machine Pumped-Storage 
Hydropower market based on the paralleling of direct ac/ac 
Modular Multilevel Converters, enabling projects well above 
100MW. This solution avoids many of the caveats faced when 
paralleling traditional Voltage Source Converters. Numerous 
considerations ranging from system level to closed-loop control 
topics are provided. Finally, a detailed set of Electro-Magnetic 
Transient simulations are showcasing the achievable control 
performance. 

 

1 Introduction 

An increasing share of intermittent Renewable Energy Sources (RESs), such as wind 
or photovoltaics, in the generation mix results in an increased need for energy storage. 
Battery Energy Storage Systems are well known for their control flexibility. However, 
Pumped-Storage Hydropower (PSH) is a well-established technology and is 
considered very cost effective for large scale and long-term energy storage. 

Variable-speed operation of PSH plants was first introduced in 1993 [1] and has 
become increasingly popular in recent years. The technology presents numerous 
advantages compared to conventional fixed-speed units [2]. Thanks to their ability to 
control the power in pump mode, they can participate in the stabilization market of the 
power grid and enable the integration of additional RESs. Besides that, they can 
provide virtual inertia and other ancillary services to the grid, be operated in island 
operation or re-energize the grid after an outage. Additionally, they also present 
advantages for the PSH plant itself [2],[3], such as higher hydraulic efficiency, more 
flexible design of the pump-turbine, as well as lower cavitation and vibration resulting 
in a longer lifetime of the unit. 

There are two technologies used for enabling the variable speed operation of PSH 
plants: the Doubly-Fed Induction Machine (DFIM), and the Converter-Fed 
Synchronous Machine (CFSM). Thanks to its advantages [3], the CFSM technology 
becomes more popular also for higher power ratings. 

The first power converters used for CFSM were based on conventional 3L Voltage-
Source Converters (VSCs) technology [4],[5], with nominal voltages typically between 
3kV and 6.6kV. In 2018, the direct ac/ac Modular Multilevel Converter (MMC) has been 
introduced for the PHS application [6] and field experience is reported in [7],[8]. 
Compared to conventional VSCs, the grid and machine compatibility is improved 
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thanks to a higher number of voltage levels and lower harmonic content. It also offers 
higher flexibility for choosing the machine voltage and reduces the transformer 
complexity (no need for multi-winding design). 

Paralleled high-power VSCs have been proposed for a unit power up to around 
100MW [4],[5],[9]. This power level and somewhat beyond can also be reached with a 
single MMC. Due to limitations in the current rating of available semiconductors and 
limited maximum machine stator design voltage, MMC-based Static Frequency 
Converters (SFCs) must be paralleled to achieve even higher power. One possible 
way is shown in Figure 1. Table 1.1 in [10] shows that a considerable part of the 
variable-speed PSH plants installed worldwide have a unit power above 100MW, which 
makes it interesting to extend the CFSM solution for higher power ratings. 

This paper introduces first the proposed paralleling configuration using the direct ac/ac 
MMC topology, and provides detailed information about its system design, protection 
devices and control concepts. Finally, Electro-Magnetic Transient (EMT) simulation 
results validate the feasibility and show the performance of the proposed solution. 

 

2 System design 

The direct ac/ac MMC allows for straightforward paralleling, as each phase-leg is 
equipped with a series reactor for current decoupling purpose, so that the circuit 
topology around the SFCs can remain the same (cf. Figure 1). In addition, there is a 
high degree of flexibility regarding the mechanical arrangement of the SFCs as the 
additional reactance added by the connecting busbars is non-critical. No specific 
placement of phase-legs in proximity of each other is required and the SFCs can be 
arranged as best suited in each location, including for example on multiple floors. 

Paralleling by utilizing multiple windings on the transformer and/or the machine side(s) 
could also be an option, but it is not necessary from the converter point of view. Use 
of single winding systems on both sides of the SFCs has the benefit of keeping the 
busbars, switchgears and bushings parts count low. It also results in a lower complexity 
for the transformer and machine, and a more efficient and cost-effective transformer 
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Figure 1 Single-line diagram for a high-power CFSM PSH,  
with k parallel direct ac/ac MMCs as SFC. 
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design with lower weight and size. The key enabler for the paralleling of high-power 
direct ac/ac MMCs is the use of a suitable balancing control scheme, which is 
discussed in the next section. 

Paralleling of converters results in significantly higher currents than in the case of 
single MMC systems. As such, this is nothing new as conventional high-power 
Synchronous Machines (SM) utilize similar stator voltage and current levels. Hence, 
key components like Isolated Phase Busbars (IPBs) and grid-side switchgear 
components are readily available on the market. Nevertheless, particular care needs 
to be taken with the design of auxiliary components, as the system is operating at 
variable frequency on the machine side and specific protection schemes are applied. 

The converter itself is isolated from ground. The primary circuit is only bound to the 
ground potential by parasitic capacitances and an external high ohmic grounding 
circuit, e.g., grounding resistor in the SM star point, limiting eventual single-phase 
ground fault currents. Ground fault protection is in place on both sides of the SFCs and 
the system is tripped immediately upon ground fault detection. This minimizes the risk 
of a single-phase ground fault developing into a more severe multi-phase fault. 

For protection purposes, a short-circuiting device is foreseen on the machine side. A 
potential fault current between the machine and the SFCs cannot easily be cleared as 
there is no Generator Circuit Breaker (GCB) in place. Instead, shorting a fault will clear 
any eventual arc, providing safety to personal and preventing further damage to 
equipment. 

The pre-charging circuit pre-charges the parallel SFCs simultaneously, while being 
disconnected from the grid. When the required voltage level in the converter cells is 
reached, the disconnector is closed, and the converter is ready to magnetize the 
transformer and synchronize to the grid. The SFCs can be directly connected to the 
stator via IPBs, reducing the complexity on that side (disconnector for maintenance as 
option only).  

As further option, a star-point disconnector can be used on the machine side for 
Statcom-mode operation with the SM at standstill. Shorting the stator in Statcom-mode 
prevents small currents from flowing in the SM by providing an alternative lower 
impedance path. 

With the high number of cells available in such high-power CFSM PSH systems, the 
ac voltage waveforms are nearly sinusoidal, and typically no grid filter is required. 
However, if a project-specific need for such a filter exists (depending on local grid 
characteristics and grid code requirements), it would be installed between the grid side 
disconnector and the transformer. Furthermore, as the parallel phase-legs are 
decoupled by phase-leg reactors, there is no need for synchronous switching and each 
phase-leg can be controlled and modulated independently. This leads to a reduction 
of the harmonic content at the ac terminals, which is beneficial for transformer and 
machine compatibility. 

With the increased power, the number of power semiconductors is rising too. 
Redundancy is key to get the required availability of the system. The paralleled direct 
ac/ac MMC has inherent redundancy in the power part, which can be designed into the 
system at the required level to ensure high system reliability. 
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An exemplary design with 4 parallel sub-converters and a 20kV motor-generator 
voltage, can deliver a unit power of 350MW to 400MW, depending on grid code 
requirements (operating voltage range and reactive power requirements). 

 

3 Control design 

A high-level SFC control diagram is shown in Figure 2. For details about the content of 
the control blocks, the interested reader is referred to [11],[12]. The MMC balancing 
control ensures that the total stored energy is equally distributed among the 9 phase-
legs. The reference sum block ensures the mapping to the phase-leg voltage 
references as follows: 

𝒖PhL,9×1 = [kron(𝐈3×1, 𝐈3×3) −kron(𝐈3×3, 𝐈3×1)] [
𝒖ARU,3×1
⋆

𝒖INU,3×1
⋆ ] + 𝒖bal,9×1

⋆  

 

In the case of paralleled SFCs, it is well-known from the literature that the stored energy 
in each converter shall not deviate in comparison to the total stored energy. With an 
MMC, additional variants might be considered, hence the list is extended to: (i) energy 
balancing at the phase-leg level, (ii) energy balancing at the converter level or (iii) 
independent total energy controllers. The first two variants rely on the existing phase-
leg current controller (part of the MMC control in Figure 2), while the last one relies on 
either ac terminal current controller, depending on which side performs the total energy 
control. Each variant is discussed in depth here below. 
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Figure 2 Typical direct ac/ac MMC control architecture, where the active power control can be 
assigned to either ac terminal (or the speed control only on the INU), while the total energy control is 
assigned to the opposite ac terminal. ARU stands for the grid-side control and INU for the machine-

side control. 
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3.1 Energy balancing at phase-leg level 

The control scheme for the variant (i) is shown in Figure 3. For the phase-leg voltage 
balancing control, the circuit of Figure 4 is considered. It is a sort of dual problem to 
the current control of interleaved converters. One possible way is to track the voltage 
difference between 1 and k-1 phase-legs, meaning driving each of the k-1 differences 
to zero. 
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For the voltage balancing control, the circuit is reduced to a single direct ac/ac MMC, 
with corrected phase-leg inductance 𝐿PhL/𝑘 and equivalent capacitance 𝐶PhLeq ⋅ 𝑘. The 

equivalent summed capacitor voltage across the k parallel phase-legs, noted 𝑈CΣ, is 

equal to (∑ 𝑈CΣ
𝑘
𝑖=1 )/𝑘. It then acts on the summed phase-leg currents 𝑖PhLΣ. 

The same phase-leg current controller is cascaded to the phase-leg voltage balancing 
control and the voltage balancing control. 
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Figure 3 Energy balancing at phase-leg level for k parallel direct ac/ac MMCs.  
The ARU and INU control blocks are identical to the ones in Figure 2. 
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Figure 4 Circuit for k parallel phase-legs. The equivalent phase-leg capacitance  
𝐶PhLeq is equal to 𝐶cell/𝑁cells. 
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3.2 Energy balancing at converter level 

The control scheme for the variant (ii) is shown in Figure 5. A converter voltage 
balancing controller that equalizes the stored energy difference between each 
converter is added. Each of the k parallel direct ac/ac MMCs has its own voltage 
balancing controller, identical to the one in Figure 2. The same phase-leg current 
controller is cascaded to the converter voltage balancing control and the voltage 
balancing control. 

 

3.3 Independent total energy controllers 

The control scheme for the variant (iii) is shown in Figure 6. The energy balancing 
between paralleled converters is indirectly achieved by interaction with the ac terminal, 
hence the control algorithm does not directly act on the circulating currents between 
paralleled phase-legs or converters. Consequently, the dynamics of the energy 
balancing between converters cannot be independently chosen. 

This variant is almost identical to the control of multiple SFCs with separate 
transformers, as often encountered in the railway power supply business or for HVDC 
transmission. The power sharing is usually achieved by droop controls. 
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Figure 5 Energy balancing at converter level for k parallel direct ac/ac MMCs.  
The ARU and INU control blocks are identical to the ones in Figure 2. 
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3.4 Discussion 

Three control methods for handling multiple parallel SFCs based on direct ac/ac MMCs 
have been presented. The final choice is not so much dictated by comparing 
performances or losses, but rather by practicality of implementation in the available 
real-time control platform. Hence, the discussion is intentionally left open, as it isn’t 
possible to provide an unbiased answer to the question of which method is the best. 

 

4 Simulation results 

A detailed EMT simulation model has been assembled for a 160MW CFSM PSH 
consisting of two parallel SFCs, each rated 90MVA. The model accurately represents 
the dynamics of each MMC cell, the different delays of the real-time controller links and 
time constants of the measurement devices. The same energy balancing method has 
been selected for all the results. 

 

4.1 Demonstration of the individual balancing 

First, the individual balancing of each MMC is demonstrated in Figure 7. The stored 
energy references 𝑢𝐶Σ0,1/2 of each MMC, initially identical, are changed at different 
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Figure 6 Independent total energy controllers for k parallel direct ac/ac MMCs in case the total energy 
control is performed by the ARU side. A similar control scheme might be drawn in case the total 

energy control is performed by the INU side. 
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times. It is observed that the energy in each MMC can be independently modified 
without affecting the overall behavior nor the adjacent MMC. 

 

4.2 Fault ride-through 

In a second step, the fault ride-through behavior is verified. Only faults in turbine mode 
at nominal power are shown, as these are more challenging than faults in pump mode, 
since the machine goes into overspeed. 

A first result is shown in Figure 8. It can be observed that the CFSM PSH can robustly 
ride-through a severe symmetrical fault near the PSH plant. After the fault is cleared, 
the operation with active power transfers is resumed quickly. A second result is shown 
in Figure 9. It can be observed that the CFSM PSH can also robustly ride-through an 
asymmetrical fault. 250ms after the fault inception, the active power is ramped-up 
again to limit the machine overspeed during longer asymmetric faults. This time could 
easily be reduced to further limit the machine overspeed. 

As such, SFC paralleling doesn’t compromise the capability of the CFSM PSH based 
non-synchronous type-D generator requirements in grid codes is achieved. The stored 
energy in each SFC is correctly controlled and the circulating currents between the two 
SFCs are minimal during all operating conditions. 

 

 

Figure 7 Demonstration of the individual energy balancing of each MMC at nominal active power in 
turbine mode, without considerable impact on the active power transfer nor machine speed. 𝑖G,ABC are 

the grid currents on the primary side, Δ𝑖g,ABC the circulating currents on the secondary side between 

the two SFCs1, 𝑖M,123 the machine currents, Δ𝑖M,123 the circulating currents on the machine side, 

𝑢CΣ0,1/2 the virtual dc-link voltages of each SFC (reference in blue and measurement in orange) and 

𝜔M the machine speed. 
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Figure 8 Symmetrical fault at nominal power in turbine mode down to 0.02p.u. remaining voltage. The 
CFSM PSH transits from nominal active power transfer to full reactive power support during the fault, 

then after its clearing resumes shortly the active power transfer. The machine speeds up linearly 
during the fault, before slowly recovering back to the initial operating point. 𝒖CΣ,1/2 are the summed 

phase-leg voltages in each SFC. 

 

Figure 9 Asymmetrical phase-to-phase fault at nominal power in turbine mode. The CFSM PSH 
transits from nominal active power transfer to reactive power support by injective positive- and 

negative-sequence currents. After roughly 250ms, the active power transfer is resumed to fully utilize 
the current capability of the SFCs on the grid side and limit the machine overspeed for these longer 

faults. 
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5 Conclusion 

This paper has introduced a technical solution for the high-power CFSM PSH market 
based on parallel direct ac/ac MMCs. Compared to conventional paralleled high-power 
VSCs, the proposed solution, besides enabling CFSM PSH well above 100MW, brings 
several advantages which significantly simplify the system design and protecting 
devices component selection. A GCB can be avoided on the machine side, and the 
transformer design remains a standard two-winding transformer. When it comes to 
harmonics, the fact that multiple SFCs are paralleled improves further the already 
excellent harmonic performance observed with a single direct ac/ac MMC. Then, 
various control schemes for managing the energy balancing between multiple SFCs 
have been presented, highlighting the control flexibility offered when paralleling direct 
ac/ac MMCs. EMT simulation results for a 160MW CFSM PSH unit highlight the 
achieved control performance of the proposed solution. To begin with, the independent 
control of the stored energy in each SFC is demonstrated. Then, full fault ride-through 
compliance is showcased. Therefore, it can be finally concluded with confidence that 
the proposed solution is technically mature. 
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